Visual deprivation profoundly affects visual cortical response properties, but the activity-dependent plasticity mechanisms that underlie these changes are poorly understood. Monocular deprivation (MD) induces ocular dominance (OD) shifts through biphasic changes in cortical excitability, first decreasing responsiveness to the deprived eye, and then slowly increasing responsiveness to both the deprived and spared eyes. It has been suggested that this slow gain of responsiveness is due to homeostatic synaptic scaling, but this prediction has not been tested directly. Here we show that, in rat monocular and binocular primary visual cortex (V1m and V1b), postsynaptic strength onto layer 2/3 (L2/3) pyramidal neurons is modulated in a biphasic manner by MD, first undergoing a net decrease after 1 and 2 d MD, increasing back to baseline after 3 d, and finally undergoing a net potentiation between 3 and 6 d. The time course and direction of these synaptic changes match well the known changes in visual responsiveness during OD plasticity. Viral-mediated delivery of the GluA2 C-tail in vivo blocked these synaptic changes, indicating that, like synaptic scaling in vitro, AMPA receptor trafficking via the GluA2 C-tail is required for the delayed increase in postsynaptic strength. Finally, we also observed a delayed increase in the intrinsic excitability of L2/3 pyramidal neurons following prolonged MD. These data indicate that synaptic and intrinsic homeostatic mechanisms cooperate to increase excitability of L2/3 pyramidal neurons following prolonged MD, and suggest that these homeostatic mechanisms contribute to the delayed gain of visual responsiveness during OD plasticity.
Introduction
To function properly visual cortex requires visual experience during a well defined developmental critical period, but the cellular plasticity mechanisms that underlie this developmental refinement remain controversial. Ocular dominance (OD) shifts induced by monocular deprivation (MD) are a useful paradigm for uncovering experience-dependent plasticity rules in primary visual cortex (V1) (Hubel and Wiesel, 1970; Blasdel and Pettigrew, 1978; Drager, 1978) . This process follows a biphasic time course, with a rapid decrease in responsiveness to the deprived eye followed by a slower increase in responsiveness to the open eye (Mioche and Singer, 1989; Frenkel and Bear, 2004; MrsicFlogel et al., 2007) . Much evidence suggests that the initial reduction in responsiveness to the deprived eye results from a long-term depression (LTD)-like mechanism (Yoon et al., 2009) , as well as plasticity of inhibitory circuitry (Sillito et al., 1980; Ramoa et al., 1988; Maffei et al., 2006 Maffei et al., , 2010 . Less is known about the potentiation mechanism(s) that underlie the delayed increase in responsiveness. In particular, it remains controversial whether this phase of OD plasticity is driven by a homosynaptic LTP-like mechanism, or a global mechanism akin to homeostatic synaptic scaling (Smith et al., 2009) .
Synaptic scaling bidirectionally adjusts excitatory postsynaptic strengths to compensate for perturbations in firing, and is thought to stabilize neocortical circuit function during development and plasticity . Recent work has suggested that synaptic scaling might contribute to OD shifts: it can be induced in the intact visual cortex by visual deprivation (Desai et al., 2002; Goel and Lee, 2007; Maffei and Turrigiano, 2008) , and TNF␣ is required both for synaptic scaling up in vitro (Stellwagen and Malenka, 2006; Steinmetz and Turrigiano, 2010) and for the potentiation phase of OD plasticity (Kaneko et al., 2008) . In neocortical layer 2/3 (L2/3) the delayed gain of responsiveness following MD occurs for both the open and closed eyes, and in the binocular region of V1 during binocular deprivation (BD), indicating that potentiation is not limited to open eye inputs (Mrsic-Flogel et al., 2007; Kaneko et al., 2008) . These results strongly suggest that a homeostatic process contributes to the second phase of OD shifts in L2/3.
To test this idea directly we followed the time course of changes in excitatory postsynaptic strength, as well as intrinsic excitability, of L2/3 pyramidal neurons during MD. We found a biphasic change in postsynaptic strength, with an initial decrease after 2-3 d followed by a delayed potentiation after 6 d. This delayed potentiation was present in both the monocular and bin-ocular regions of V1 (V1m and V1b) and could be induced by BD. Further, it required protein interactions with the GluA2 C-tail, a hallmark of synaptic scaling (Gainey et al., 2009) . Finally, L2/3 neurons also underwent a delayed increase in intrinsic excitability between 3 and 6 d MD. Together these results suggest that the potentiation phase of OD plasticity within L2/3 is mediated by a homeostatic process in which synaptic scaling and intrinsic excitability cooperate to enhance responsiveness.
Materials and Methods
All experimental procedures used in this study were approved by the Institutional Animal Care and Use Committee at Brandeis University and followed the guidelines of the National Institutes of Health.
Lid sutures. Long-Evans rats (male and female) were anesthetized with a mixture of ketamine, xylazine, and acepromazine, and eyelids were sutured as previously described (Maffei et al., 2004) . Sutures were checked each day and if not intact, animals were not used. For the sham condition, animals were anesthetized as above but did not undergo lid suture.
Slice preparation. Coronal brain slices (300 m) containing V1 were obtained as previously described (Maffei et al., 2004 (Maffei et al., , 2006 Maffei and Turrigiano, 2008) using chilled (1°C) modified artificial CSF (mACSF). mACSF was continuously oxygenated and contained the following (in mM): 110 choline chloride, 25 NaHCO 3 , 25 dextrose, 11.6 sodium ascorbate, 7 MgCl 2 , 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH 2 PO, and 0.5 CaCl 2 . Slices were cut on a Leica VT1000S vibratome and incubated on a semipermeable membrane covered by room temperature oxygenated standard ACSF containing the following (in mM): 126 NaCl, 3 KCl, 2 MgSO 4 , 1.25 NaHPO 4 , 25 NaHCO 3 , 2 CaCl 2 , and 25 Dextrose.
Electrophysiology. V1m and V1b were identified, and whole-cell patchclamp recordings obtained from layer 2/3 pyramidal neurons, as previously described (Desai et al., 2002; Maffei et al., 2010; Nataraj and Turrigiano, 2011) . In brief, V1m and V1b were identified using the rat brain atlas after adjusting for the lambda-bregma distance for age. The shape and morphology of the white matter were used to identify V1m and V1b. Neurons located near the center of each region were selected for recording to avoid boundary regions. Neurons were visualized with a 40ϫ water-immersion objective using infrared-differential interference contrast optics. Internal recording solution contained (mM): 20 KCl, 100 K-gluconate, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine, and 0.2% biocytin. For AMPA miniature EPSC (mEPSC) recordings, neurons were voltage-clamped to Ϫ70 mV in standard ACSF containing TTX (0.2 M), APV (50 M), and picrotoxin (25 M) and warmed to 33°C. Detection criteria included amplitudes Ͼ5 pA and rise times Ͻ3 ms. f-I curves were recorded in standard ACSF containing APV (50 M), DNQX (25 M), and picrotoxin (50 M) in current-clamp; a small dc bias current was injected to maintain Vm at Ϫ70 mV in between depolarizations. Neurons were not included in analyses if the resting membrane potential was more positive than Ϫ60 mV, input resistance was Ͻ80 M⍀, series resistance was Ͼ20 M⍀, or if any of these parameters changed by Ͼ10% during the recording. Pyramidal neurons were identified by the presence of an apical dendrite and tear-drop shaped soma and morphology was confirmed by post hoc reconstruction of biocytin fills, as described previously (Desai et al., 2002) . All physiology data were analyzed using in-house programs written in IgorPro (Wavemetrics).
Virus construction and injection. The AAV-GluA2CT was generated by inserting a 154 bp fragment encoding the GluA2 C-tail onto the end of GFP on pAAV-CMV-GFP (Stratagene). The empty vector consisted of the original pAAV-CMV-GFP. Viruses were constructed in-house and at the Vector Core facility at the University of Pennsylvania. Rats were anesthetized as above, mounted on a stereotaxic frame, and the skull was exposed. V1m or V1b were targeted by using the rat brain atlas after adjusting for the lambda-bregma distance for age. Small holes were drilled in the skull bilaterally and a glass micropipette delivered 100 -800 nL AAV 150 m below the dural surface. The scalp was sutured and betadine was applied. Animals recovered on a heating pad and were returned to the animal facility until use.
Statistical analysis. Ns represent the number of neurons recorded; mEPSC datasets were obtained from between 3 and 8 animals for each condition, and intrinsic excitability datasets were obtained from between 2 and 4 animals for each condition. Data are presented as mean ϮSEM for the number of neurons indicated. Unpaired two-tailed Student's t tests were used for pairwise comparisons. The nonparametric KolmogorovSmirnov (KS) test was used for comparing cumulative distributions. For multiple-comparisons a single factor ANOVA was used; if significant this was followed by pairwise post hoc comparisons. p values Յ 0.05 were considered significant.
Results
MD during the critical period causes a delayed increase in responsiveness to both the deprived and nondeprived eyes (Frenkel and Bear, 2004; Mrsic-Flogel et al., 2007; Kaneko et al., 2008 ), but we have very little understanding of the molecular mechanisms underlying this functional change. Here we examined changes in excitatory synaptic transmission and intrinsic excitability of pyramidal neurons in V1 after brief or prolonged MD during the critical period for OD plasticity. All experiments were performed on acute rat visual cortical slices obtained between postnatal days 22 and 28 (p22-p28), as indicated. Whole-cell recordings and fills were obtained from visually identified pyramidal neurons from L2/3 (Desai et al., 2002; Maffei and Turrigiano, 2008) . For experiments performed in V1b neurons in slices contralateral to the deprived eye (contra) were compared with those from sham-operated animals that were anesthetized but not monocularly deprived (sham), as previously described (Maffei et al., 2010) . For experiments performed in V1m, neurons in slices contralateral to the deprived eye (deprived) were compared with neurons in slices ipsilateral to the deprived eye (control) from the same animal.
Biphasic changes in postsynaptic strength in L2/3 V1b following prolonged MD Previous studies have suggested that homeostatic plasticity mechanisms, such as synaptic scaling might contribute to the increased visual responsiveness to the deprived eye after prolonged MD (Mrsic-Flogel et al., 2007; Kaneko et al., 2008) . We found previously that scaling up of mEPSC amplitude is induced in V1m L2/3 pyramidal neurons by 2 d optic nerve block (Desai et al., 2002) , whereas 2 d of lid suture (the method generally used to induce OD shifts) reduced mEPSC amplitude (Maffei and Turrigiano, 2008) . However, the impact of longer periods of lid suture on mEPSC amplitude has never been assessed. Here, we measured the amplitude, frequency, and kinetics of AMPAmediated mEPSCs as a function of different lengths of visual deprivation using monocular lid suture (MD) (Fig. 1A,B) .
We began by measuring mEPSCs in L2/3 of V1b, because OD shifts are reliably produced in this area after 5-7 d of MD (Gordon and Stryker, 1996; Cang et al., 2005) . Interestingly, we found that mean mEPSC amplitude was modulated in a biphasic manner by MD (Fig. 1C,D) , first undergoing a net decrease after 1-2 d MD (1 d sham, n ϭ 16; 1 d contra, n ϭ 19; p Ͻ 0.04; 2 d sham, n ϭ 15; 2 d contra, n ϭ 21; p Ͻ 0.04), increasing back to baseline after 3 d (3 d sham, n ϭ 9; 3 d contra, n ϭ 11; p ϭ 0.80), and finally increasing above baseline between 3 and 6 d MD (6 d sham, n ϭ 16; 6 d contra, n ϭ 22; p Ͻ 0.01). A similar effect was seen when the data were plotted as cumulative amplitude distributions; 2 d of MD shifted the distribution leftward toward smaller amplitude values ( Fig. 1F ) (p Ͻ 0.001, KS test), whereas between 2 and 6 d MD the distribution shifted rightward toward higher amplitude values ( Fig. 1G ) (p Ͻ 0.001, KS test). For this dataset (Fig. 2) and for subsequent datasets, no significant differences in mEPSC frequency or kinetics (Fig. 2D) were observed for any condition. No differences in input resistance were observed unless otherwise noted.
Although there was no significant difference in input resistance following 2 d MD, there was a trend toward an increase after 6 d MD (Fig. 2C) ; see the section on intrinsic excitability for further discussion of this trend. This trend toward increased input resistance was unlikely to have contributed significantly to the change in mEPSC amplitude observed after 6 d MD, because there was no accompanying change in mEPSC kinetics or frequency, as expected if the increase in mEPSC amplitude was due to an improved space clamp (Rall and Segev, 1985; Spruston et al., 1993) . Further, neither mEPSC amplitudes nor rise times were correlated with input resistance for either the 6 d sham or MD condition (6 d sham amplitude, R 2 ϭ 0.026; rise time, R 2 ϭ 0.029; 6 d MD amplitude, R 2 ϭ 0.015; rise time,
Together, these data demonstrate a biphasic response of mEPSC amplitude to MD, with an initial decrease in postsynaptic strength, followed by a potentiation of postsynaptic strength after prolonged MD.
Like many forms of experiencedependent plasticity, the ability of synapses to express synaptic scaling up is developmentally regulated (Desai et al., 2002) . This raised the possibility that developmental timing, rather than length of deprivation, was responsible for the lack of effect of 3 d MD between p21 and p24. To control for this possibility we performed 3 d of MD from p24 to p27, to coincide with the end of the 6 d MD above (Fig. 1A ). Like the earlier 3 d MD, this manipulation had no impact on mEPSC amplitude (3 d sham, n ϭ 12; 3 d contra, n ϭ 12; p ϭ 0.66) (Fig. 1E ). Thus the delayed potentiation during MD is not an artifact of developmental regulation of synaptic scaling, but instead likely reflects a time-dependent interplay between a depressive and potentiating process.
Postsynaptic strengths in V1m and V1b respond in a similar time-dependent manner to MD
The binocular and monocular regions of V1 are thought to have similar intracortical connectivity and neural plasticity mechanisms, and differ mainly by the presence or absence of competitive inputs from the two eyes. Brief MD causes reduced visual responsiveness in both V1b and V1m, while prolonged MD causes increased responsiveness in both areas (Mrsic-Flogel et al., 2007; Kaneko et al., 2008) . To test whether the effects of MD on excitatory postsynaptic strengths are similar between V1b and V1m, we measured mEPSCs in V1m L2/3 pyramidal neurons after different periods of MD.
Similar to V1b, 1 and 2 d of MD caused a reduction in mEPSC amplitude in V1m (1 d control, n ϭ 17; 1 d deprived, n ϭ 18; p Ͻ 0.04; 2 d control, n ϭ 14; 2 d deprived, n ϭ 15; p Ͻ 0.01), 3 d MD produced no net change (3 d control, n ϭ 28; 3 d deprived, n ϭ 26; p ϭ 0.23), and 6 d MD caused an increase in mEPSC amplitude (6 d control, n ϭ 20; 6 d deprived, n ϭ 27; p Ͻ 0.01) (Fig.  3 A, B ). Also consistent with our finding in V1b, no significant differences were observed in access and input resistances, mEPSC rise time and decay, or mEPSC frequency (Fig. 3C ). Thus in both regions of V1 mEPSC amplitude onto L2/3 pyramidal neurons undergo biphasic changes in response to MD, with an initial decrease in postsynaptic strength followed by a slower increase in postsynaptic strength. The time course and direction of these changes in mEPSC amplitude match the changes observed in visual responsiveness during OD plasticity (Frenkel and Bear, 2004; MrsicFlogel et al., 2007) , suggesting that they contribute to the initial loss of responsiveness to the deprived eye, and the delayed increase in responsiveness to both eyes.
Binocular deprivation reveals mechanistic differences between V1b and V1m
Due to the nature of visual cortical circuitry, MD will reduce and blur all sensory drive to V1m, whereas V1b still receives intact input through the open eye (Antonini et al., 1999) . If the increase in mEPSC amplitude after prolonged MD is a homeostatic response to reduced sensory drive, then it should be induced in V1b after either monocular or binocular lid suture (BD). In contrast, if this mechanism relies on competition between the two eyes then BD should not induce a delayed potentiation. To test whether spared input through the open eye was required to produce any of the effects on mEPSC amplitude observed in V1b we performed BD for 2, 3, and 6 d and measured mEPSCs. In V1b, 6 d BD produced a net increase of mEPSC amplitude comparable to that induced by MD (6 d sham, n ϭ 16; 6 d BD, n ϭ 25; p Ͻ 0.03) (Fig. 4A) , providing support for the interpretation that this increase is due to homeostatic synaptic scaling.
We next tested the effects of shorter periods of BD in V1b, expecting that this would reduce mEPSC amplitude as for 2 d MD (Figs. 1C,D, 3 A, B) . To our surprise, 2 and 3 d BD produced no change in mEPSC amplitude in V1b (2 d sham, n ϭ 15; 2 d BD, n ϭ 27; p ϭ 0.56; 3 d sham, n ϭ 9; 3 d BD, n ϭ 17; p ϭ 0.99) (Fig. 4A ), indicating that, in V1b, spared-eye input is required for the reduction in mEPSC amplitude induced by 2 d MD. This result strongly suggests that the plasticity mechanisms underlying the reduction in mEPSC amplitude differ between V1b and V1m, because in the former they require spared-eye input, whereas in the later they do not. An alternative explanation, which challenges conventional theory, is that V1m is receiving some sensory input through the open (ipsilateral) eye during MD, and the depressive mechanism is competitive in both cases. If so, the prediction is that brief BD should produce no change in mEPSC amplitude in V1m. When this prediction was tested, we found that 2 d of BD decreased mEPSC amplitude in V1m to the same degree as MD, ruling out this possibility (2 d control, n ϭ 14; 2 d BD, n ϭ 15; p Ͻ 0.001) (Fig. 4B) . Thus in V1b depression of mEPSC amplitude requires spared eye input, whereas in V1m it does not.
Prolonged visual deprivation increases intrinsic excitability of V1b L2/3 pyramidal neurons
Like synaptic strength, the intrinsic excitability of neurons can be homeostatically regulated to counter perturbations in drive (Turrigiano et al., 1994; Desai et al., 1999; Marder and Goaillard, 2006; Maffei and Turrigiano, 2008) . We wondered whether, in addition to synaptic changes, brief and/or prolonged MD might also induce changes in intrinsic excitability of L2/3 pyramidal neurons in V1b. To assess changes in intrinsic excitability, we measured the frequency of action potential firing in response to steps of depolarizing direct current ( f-I curves), in the presence of pharmacological blockers of synaptic transmission. There was no significant change in the f-I curves after 1, 2, or 3 d MD ( 5A). In contrast, after 6 d MD there was a pronounced leftward shift in the f-I curve (6 d sham, n ϭ 16; 6 d contra, n ϭ 17) (Fig. 5A,B) , and a significant decrease in current threshold for evoking action potentials (measured with 10 pA current steps around threshold, p Ͻ 0.01) (Fig. 5C ). The leftward shift of the f-I curve and reduced current threshold indicate an increase in intrinsic excitability, which was accompanied by an increase in input resistance (p Ͻ 0.01) (Fig.  5C ). Although the trend toward increased input resistance following MD was not significant in our mEPSC recordings (Figs. 2C, 8F) , when all of the 6 d MD input resistance data were combined (from all mEPSC and f-I recordings in V1b) there was a significant, ϳ30% increase in input resistance (p Ͻ 0.01).
Next, we tested the effects of prolonged BD on intrinsic excitability. Like MD, 6 d BD also produced a shift in the f-I curve to the left (Fig. 5 A, B) , a decrease in current threshold (6 d sham, n ϭ 16; 6 d BD, n ϭ 12; p Ͻ 0.04), and an increase in input resistance ( p Ͻ 0.05) (Fig. 5C) . Interestingly, the f-I curve after BD only shifted to the left at low current injections and was similar to the sham condition at high current injections. This result raises the possibility that different conductances are affected by prolonged MD and BD; however, both deprivation methods induce a homeostatic increase of intrinsic excitability. In the context of OD shifts, these data suggest that intrinsic plasticity of excitatory neurons is likely not contributing to the initial reduction in responsiveness to the deprived eye, but a homeostatic increase of intrinsic excitability along with synaptic scaling up may cooperate to boost responsiveness to both the deprived and nondeprived eye inputs following prolonged MD.
Intrinsic excitability of L2/3 pyramidal neurons is strongly developmentally regulated, and decreases between p21 and p28, with the largest decrease occurring between p23 and p24 (Fig. 6A) . In addition to a significant increase in current threshold, input resistance also decreased with development (ANOVA, threshold: p Ͻ 0.01; Rin: p Ͻ 0.03) (Fig. 6B) . This raises the possibility that the increase of intrinsic excitability after 6 d MD reflects an experience-dependent developmental delay, rather than a true increase from baseline. To examine this we overlaid the f-I curves from sham p24, MD p24, sham p27, and MD p27 (Fig. 6C ). This analysis reveals that at p24 intrinsic excitability has undergone the normal developmental decrease with or without 3 d MD, and after another 3 d of MD excitability increases again relative to both the p24 and the p27 baseline (Fig. 6C) . Thus MD between p24 and p27 increases intrinsic excitability rather than preventing a developmental decrease.
The GluA2 C-tail is required for changes in postsynaptic strength in V1b
It is well established that synaptic scaling in vitro is accomplished through changes in the accumulation of GluA2-containing lowing MD, NMDA-receptor-dependent LTP, does not depend on GluA2 C-tail interactions (Jia et al., 1996; Malenka and Bear, 2004; Gainey et al., 2009; Granger et al., 2013) . GluA2-dependent trafficking is also required for the expression of some forms of LTD (Lee et al., 2002; Yoon et al., 2009) . To determine whether the changes in mEPSC amplitude induced by prolonged MD in vivo require GluA2 C-tail interactions, we used an adeno-associated viral vector (AAV) to deliver either the GluA2 C-tail or an empty vector (EV) control virus (along with GFP) to neurons in L2/3 V1. Depending on the distance of the slice from the injection site the percentage of infected neurons ranged from 15-65%, allowing us to record from infected and nearby noninfected pyramidal neurons from the same slices (Fig. 7 A, B) .
To verify that viral injection and infection alone had no impact on mEPSC amplitude or the ability of synapses to undergo experience-dependent changes, we began by infecting neurons with the EV with or without MD. EV was delivered to L2/3 V1b on p16 -18, MD was performed 4 -5 d later on p21/22, and mEPSC recordings were obtained from infected and uninfected neurons from sham or contralateral hemispheres on p27/28. Infection with the EV had no significant impact on baseline mEPSC amplitude compared with uninfected controls (6 d sham uninfected, n ϭ 8; 6 d sham EV, n ϭ 6; p ϭ 0.76) (Fig. 7C ) or on input resistance or resting membrane potential (Fig. 7D) . In the contralateral hemisphere, 6 d MD significantly increased mEPSC amplitude in both uninfected and EV infected neurons (6 d contra uninfected, n ϭ 15; p Ͻ 0.01; 6 d contra EV, n ϭ 6; p Ͻ 0.05) (Fig. 7C) , indicating that infection with the EV does not impair the ability of neurons to undergo plasticity. In a separate set of experiments, we determined that shorter periods of infection with the AAV EV (6 d) also had no impact on baseline synaptic or cellular properties, or on MD-induced plasticity (data not shown).
Next, the GluA2 C-tail containing AAV was injected into L2/3 V1b 4 -5 d before the start of visual deprivation and mEPSCs were measured from uninfected and infected neurons after 2 or 6 d of MD (Figs. 7B, 8A) . Expression of the virus did not affect baseline mEPSC amplitude in the sham hemisphere at either time point (2 d sham uninfected, n ϭ 7; 2 d sham infected, n ϭ 12; p ϭ 0.29; 6 d sham uninfected, n ϭ 8; 6 d sham infected, n ϭ 8; p ϭ 0.93) (Fig. 8 B, E) . In the contralateral condition there was no change in mEPSC amplitude after 2 d MD in neurons expressing the GluA2 C-tail (2 d sham, n ϭ 19; 2 d contra infected, n ϭ 12; p ϭ 0.77), whereas uninfected neurons showed a decrease in mEPSC amplitude similar to that seen in control animals (2 d sham, n ϭ 19; 2 d contra uninfected, n ϭ 8; p Ͻ 0.03) (Fig. 8 B, D) . This result indicates that protein interactions with the GluA2 C-tail are required for the reduction in mEPSC amplitude induced by 2 d MD, suggesting that this change is driven by a GluA2-dependent form of synaptic depression.
Interestingly, viral infection had a transient impact on input resistance. Input resistance of infected neurons was reduced in both the sham and deprived conditions after 7 d of infection (2 d post-MD, 2 d sham uninfected, n ϭ 7; 2 d sham infected, n ϭ 12; p ϭ 0.06; 2 d contra uninfected, n ϭ 8; 2 d contra infected, n ϭ 12; p Ͻ 0.02), but recovered by 11 d postinfection (6 d post-MD) (Fig. 8C,F ) . Given that mEPSC amplitude (Fig. 8B ) and kinetics (data not shown) were not impacted by this drop in input resistance it is unlikely that our ability to measure mEPSCs was significantly impacted.
The GluA2 C-tail was also able to block the increase in mEPSC amplitude induced by 6 d MD. Whereas mEPSC amplitude of uninfected neurons in the contralateral hemisphere increased as expected (6 d sham, n ϭ 22; 6 d contra uninfected, n ϭ 15; p Ͻ 0.01), mEPSCs from infected neurons did not. In fact, mEPSC amplitude was reduced to levels below the sham condition (6 d sham, n ϭ 22; 6 d contra infected, n ϭ 6; p Ͻ 0.03) (Fig. 8 E, G) . This result is consistent with the interpretation that prolonged MD induces homeostatic synaptic scaling up that relies on GluA2 C-tail interactions. Further, the experience-dependent reduction in mEPSC amplitude below control values in GluA2 C-tail ex- pressing neurons suggests that block of scaling up unmasks a slow, non-GluA2-mediated form of depression that occurs simultaneously during prolonged MD. These data make it clear that MD induces multiple, temporally overlapping forms of synaptic plasticity in L2/3 pyramidal neurons.
Discussion
Despite decades of effort, the cellular mechanisms underlying OD shifts remain controversial. In particular, the mechanism(s) that underlie the potentiation phase of OD plasticity have been attributed either to homosynaptic LTP, or to a global homeostatic process akin to synaptic scaling, with little direct evidence for either theory. Here we ask whether synaptic scaling is induced at synapses onto L2/3 pyramidal neurons during the potentiation phase of OD plasticity. We show that prolonged MD induces biphasic changes in mEPSC amplitude, with an initial depression after 1-2 d followed by a potentiation between 2 and 6 d. The delayed mEPSC potentiation relied critically on GluA2 C-tail interactions, and could be induced by both MD and BD, as expected for global synaptic scaling. Intrinsic excitability increased in parallel with the increase in mEPSC amplitude, suggesting that intrinsic and synaptic homeostatic mechanisms contribute synergistically to delayed response potentiation. The biphasic time course of these effects during MD closely match the changes in visual responsiveness that have been documented previously (Mioche and Singer, 1989; Frenkel and Bear, 2004) , suggesting that global homeostatic mechanisms make an important contribution to the delayed potentiation phase of OD plasticity within L2/3.
There is considerable evidence that LTD of excitatory synaptic connections contributes to the first (depressive) phase of OD shifts. Brief MD reduces the magnitude of unitary excitatory connections onto L2/3 pyramidal neurons (Maffei and Turrigiano, 2008) and occludes the further induction of LTD (Crozier et al., 2007) . Consistent with these earlier reports we find that 1 or 2 d of MD reduces mEPSC amplitude onto L2/3 pyramidal neurons. Interestingly, although mEPSC amplitude in both V1m and V1b decreased with a similar time course following MD, the induction mechanisms of this depression were different. Whereas uniform deprivation depressed mEPSC amplitude in V1m, in V1b only a manipulation (MD) that left ipsilateral visual drive intact was effective. This is consistent with an earlier study showing that brief BD does not reduce visual responsiveness in L4 V1b (Frenkel and Bear, 2004) . Similar differences between V1m and V1b have been observed for the induction of intrinsic plasticity in layer 5 (Nataraj and Turrigiano, 2011), suggesting that for several forms of plasticity, the induction rules within V1m and V1b differ significantly.
Several forms of LTD are dependent on GluA2 C-tail interactions (Chung et al., 2003; Malenka and Bear, 2004; Steinberg et al., 2006; Yoon et al., 2009 ), but the dependence of L2/3 plasticity on GluA2 has not been assessed. Here we found that mEPSC depression within L2/3 was blocked in a cell-autonomous manner by viral infection with the GluA2 C-tail, consistent with the induction of a GluA2-dependent form of LTD at excitatory synapses onto L2/3 pyramidal neurons. Depression of unitary L2/3 connections was consistent with a combined presynaptic and postsynaptic mechanism and was larger in amplitude than the change in mEPSC amplitude observed here and previously (Maffei and Turrigiano, 2008) , suggesting that both presynaptic and postsynaptic mechanisms contribute to MD-induced LTD within L2/3.
Although various forms of LTP can be induced at visual cortical synapses (Nelson and Turrigiano, 2008; Smith et al., 2009) , the evidence that classical synapse-specific LTP underlies the second, potentiation phase of OD plasticity has largely rested on the ability to block OD shifts with NMDAR antagonists (Bear et al., 1990; Daw et al., 1999; Sawtell et al., 2003) . On the other hand, several features of the potentiation phase of OD plasticity within L2/3 are more consistent with a global homeostatic mechanism. First, like synaptic scaling and unlike LTP, the potentiation phase of OD plasticity is dependent upon TNF␣ signaling (Kaneko et al., 2008) . Second, the potentiation does not require spared-eye inputs, but can be induced in L2/3 V1b by both MD and BD (Mrsic-Flogel et al., 2007) . This is inconsistent with either a classical LTP-like process, or a sliding-threshold metaplasticity model, both of which will only lead to potentiation of inputs with intact correlated visual drive (Bear, 1995; Abbott and Nelson, 2000) .
Here we show for the first time that postsynaptic strength is scaled up by prolonged MD with lid suture. Further, although LTP does not rely on GluA2-dependent trafficking mechanisms ( Mainen et al., 1998; Malinow and Malenka, 2002; Gainey et al., 2009; Granger et al., 2013) , synaptic scaling does (Gainey et al., 2009; Goold and Nicoll, 2010; Anggono et al., 2011) , and here we show that the MD-induced increase in mEPSC amplitude is GluA2-dependent. Finally, mEPSC amplitude also increases after BD, as predicted if the underlying mechanism is synaptic scaling rather than homosynaptic LTP. One issue with this interpretation is that if the potentiation is dependent on the preceding depression, then block of potentiation by the GluA2 C-tail may simply be a consequence of blocking depression. This interpretation seems unlikely, however, because BD does not induce depression in V1b, but still induces a delayed potentiation, indicating that potentiation can occur without a preceding depression at these synapses. Together, our data strongly support the hypothesis that synaptic scaling up of excitatory synapses is necessary for the second, potentiation phase of synaptic plasticity within L2/3. Our data cannot, however, exclude the possibility that synaptic scaling enables subsequent LTP, and so although necessary is not sufficient to fully account for the synaptic potentiation.
Interestingly, prolonged BD induced a smaller increase in mEPSC amplitude than MD (a similar effect was observed for MD-induced changes in visual responsiveness) (Mrsic-Flogel et al., 2007) . On the face of it this seems paradoxical, because if BD reduces visual drive to a greater extent than MD it should induce a larger homeostatic response. However, this assumption may be incorrect. Even complete visual deprivation has only a small initial effect on thalamic and visual cortical firing rates (Fiser et al., 2004; Linden et al., 2009) , so the immediate drop in activity induced by monocular and binocular lid suture is likely small and similar in magnitude. What is different between the two conditions is the induction of synaptic depression: whereas 2 d of MD depresses mEPSC amplitude 2 d of BD does not, and LTD is similarly induced only by MD (Blais et al., 2008; Smith et al., 2009) . This suggests that MD may suppress cortical activity more than BD by inducing greater synaptic depression, and thus induce a correspondingly larger homeostatic compensation.
An important question is what the functional impact of the changes in mEPSC amplitude we observe might be. For example, these changes (on order of 10% depression followed by a 20% potentiation) are small relative to changes in visual drive that have been measured using visual evoked potentials in L4 (on order 50 -100%) (Frenkel and Bear, 2004) . Visual evoked potentials are not a direct readout of excitatory synaptic drive, but reflect the synergistic impact of a number of changes within the L4 microcircuit that include changes in both excitation and inhibition (Huang et al., 1999; Sawtell et al., 2003; Maffei et al., 2006 Maffei et al., , 2010 . It is similarly difficult to infer the magnitude of change in excitatory synaptic drive needed to account for changes in visual drive in L2/3 observed with calcium imaging (Mrsic-Flogel et al., 2007; Kaneko et al., 2008) . Further, changes in visual drive to L2/3 pyramidal neurons likely reflect changes happening at many sites within the neocortical microcircuit, including changes in L4 (the primary input layer of cortex). Our data suggest that within L2/3 synaptic and intrinsic homeostatic mechanisms cooperate to enhance excitability following prolonged MD. The enhancement in intrinsic excitability we observe between 3 and 6 d MD should serve to amplify the changes in excitatory synaptic drive, so that together these two mechanisms could have a significant impact on visual drive.
Our data support a model for OD shifts within L2/3 in which rapid homosynaptic LTD is followed by a compensatory global scaling up of excitatory synapses. In this model, the initial depression shifts the relative strength of drive from the two eyes, and this difference is then maintained during scaling up. This is consistent with the observation that OD shifts peak in amplitude within the first few days of MD, and then remain relatively constant thereafter (Gordon and Stryker, 1996; Frenkel and Bear, 2004) . However, our data also suggest that these changes in excitatory transmission are not the sole contributors to OD shifts within L2/3. Neocortical microcircuits possess many synaptic and intrinsic plasticity mechanisms expressed in a layer and cell-type specific manner (Nelson and Turrigiano, 2008) . Our data establish that, even when considering only L2/3 pyramidal neurons, MD sets in motion a complex set of synaptic and intrinsic changes that likely cooperate to regulate visual drive to these neurons. These include a rapid postsynaptic depression, a slower postsynaptic potentiation, and a slow increase in intrinsic excitability. OD shifts in L2/3 neurons thus reflect the summed impact of multiple forms of synaptic and intrinsic plasticity that are dynamically engaged during MD.
